We have shown that urinary urea excretion decreased in rats fed a low gluten diet supplemented with dietary limiting amino acids. The purpose of present study was to determine whether the addition of dietary limiting amino acids to a low gluten diet affected the synthesis and degradation of N -acetylglutamate and regulated urea synthesis. Experiments were done on two groups of rats, given diets containing 10% gluten or 10% gluten ϩ 0.5% L -lysine, 0.2% L -threonine and 0.2% L -methionine for 10 d. The urinary excretion of urea, and the liver concentration of N -acetylglutamate, and the liver activity of N -acetylglutamate synthetase decreased with the addition of dietary L -lysine, L -threonine and L -methionine. N -Acetylglutamate concentration in the liver was closely correlated with the N -acetylglutamate synthetase activity in the liver and excretion of urea. The greater degradation of N -acetylglutamate was observed in the group fed the 10% gluten ϩ L -lysine, L -threonine and L -methionine. The hepatic concentration of glutamate and plasma concentration of arginine were not related to the N -acetylglutamate concentration in the liver. These results suggest that the addition of limiting amino acids to the low gluten diet controls the synthesis and degradation of N -acetylglutamate in the liver and lowers urea synthesis. Key Words dietary limiting amino acids, urea synthesis, N -acetylglutamate synthesis, Nacetylglutamate degradation, rats Schimke ( 1 , 2 ) has suggested that the concentrations of urea-cycle intermediates were unchanged under conditions affecting the rate of urea excretion (e.g., ingestion of a high-protein diet) and concluded that the activities of various urea-cycle enzymes were regulatory factors of urea synthesis. However, many investigators have previously reported that there was an increase in urinary urea excretion without a comparable increase in the enzyme activities when a diet containing high quality protein was replaced by an isonitrogenous diet with low quality protein ( 3-6 ).
Schimke ( 1 , 2 ) has suggested that the concentrations of urea-cycle intermediates were unchanged under conditions affecting the rate of urea excretion (e.g., ingestion of a high-protein diet) and concluded that the activities of various urea-cycle enzymes were regulatory factors of urea synthesis. However, many investigators have previously reported that there was an increase in urinary urea excretion without a comparable increase in the enzyme activities when a diet containing high quality protein was replaced by an isonitrogenous diet with low quality protein (3) (4) (5) (6) .
We demonstrated that urinary excretion of urea increased with a 10% casein diet and still more with a 10% gluten diet as compared with a 10% whole egg protein diet ( 5 ) . Gluten is known to be a lower quality protein than whole egg protein because of deficiency in lysine ( 7 ) . The concentrations of threonine and sulfur amino acids in gluten are also lower than in whole egg protein. In a previous study ( 8 ) , the activities of argininosuccinate synthetase and carbamylphosphate synthetase, urea cycle enzymes, were not affected by the dietary addition of L -lysine, L -threonine and L -methionine to a low gluten diet, while supplementation with these dietary limiting amino acids to a gluten diet decreased urea excretion.
Substrate availability normally may limit the rate of urea synthesis ( 9 ) . Urea formation has been shown to be stimulated by adding N -acetylglutamate in perfused liver (10) (11) (12) and in isolated hepatocytes ( 13 ) when substrates for urea production were present in excess. Thus, at least two factors other than enzyme activity, substrate and N -acetylglutamate, may regulate the rate of urea synthesis. In a previous report, Tujioka et al. ( 8 ) also demonstrated that the higher protein synthesis in tissues of rats given a low gluten diet supplemented with dietary limiting amino acids was likely to be one of factors behind a decrease the amino acid availability and urea synthesis. On the other hand, N -acetylglutamate, an essential activator of carbamylphosphate synthetase (EC 6.3.4.16), plays a critical role in the regulation of urea synthesis in the mammalian liver ( 14 , 15 ) . Shigesada and Tatibana ( 16 ) have demonstrated that N -acetylglutamate synthetase (EC 2.3.1.1) catalyzed the acetylation of glutamate in the liver. This enzyme is specifically activated by arginine ( 17 ) . On the other hand, Meijer et al. ( 18 , 19 ) have suggested that there could be an alteration in the enzyme system catabolizing N -acetylglutamate in hepatic cytosol or in the system transporting this compound out of the mito-chondria under physiological conditions. However, little documentation for the effects of supplementation of dietary limiting amino acids to the low quality protein on the N -acetylglutamate concentration in the liver is available.
The purpose of the present study was to determine the mechanism by which the addition of dietary Llysine, L -threonine and L -methionine affects urea synthesis in rats fed a low gluten diet. Three questions were considered in the present study: 1) whether the Nacetylglutamate concentration in the liver might regulate the urea synthesis when the dietary limiting amino acids were supplemented to the low gluten diet, 2) whether the addition of dietary limiting amino acids to the low gluten diet might control N -acetylglutamate synthetase, arginine and glutamate, and regulate Nacetylglutamate synthesis in the liver and 3) whether increased degradation of N -acetylglutamate in rats fed the higher quality protein by the dietary addition of limiting amino acids might result in decreased N -acetylglutamate concentration compared to rats fed a 10% gluten diet alone. We therefore examined the hepatic concentration of N -acetylglutamate and glutamate, the hepatic activity of N -acetylglutamate synthetase, the plasma concentration of arginine, and the hepatic synthesis and degradation of N -acetylglutamate. Thus, in this experiment, we used a 10% gluten diet and a 10% gluten ϩ 0.5% lysine, 0.2% threonine and 0.2% methionine diet as the experimental diet. The composition of amino acids in dietary protein was considered to decide the ratio of the addition of dietary L -lysine, Lthreonine and L -methionine.
MATERIALS AND METHODS

Chemicals
. N -Acetylglutamic acid was purchased from Sigma Chemical (St. Louis, MO, USA). NaH 14 CO 3 (1.85 GBq/mmol) and U-14 C-glutamic acid (9.25 GBq/ mol) were obtained from Amersham (Tokyo, Japan). All other reagents were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Animals and diets . Young male Wistar rats (100-110 g, Japan SLC, Inc., Hamamatsu, Japan) were individually housed at 24˚C in a room with a 12-h lightdark cycle. The rats were transferred to the experimental diets containing 10% gluten or 10% gluten ϩ 0.5% Llysine, 0.2% L -threonine and 0.2% L -methionine (Table  1) after being fed a commercial nonpurified diet (MF, Oriental Yeast Co., Ltd., Tokyo, Japan) for 5 d. All rats were provided free access to food and water. The approval of Aichi University of Education Animal Care and Use Committee was given for our animal experiments.
Experimental design . Three experiments were done, with 10 rats (Experiments 1 and 2) or 30 rats (Experiment 3) being divided randomly into two groups. In each experiment, animals were fed the experiment diet for 10 d. On days 6-9, urine and feces were collected for 3 d, filtered and used for the analysis of urea. After the experimental period, the rats were decapitated and the plasma was collected in glass tubes and stored at Ϫ 20˚C. The liver was quickly removed, weighed and used. In Experiment 1, the effects of the addition of dietary amino acids to a low gluten diet on the liver concentrations of N -acetylglutamate and glutamate, the hepatic activity of N -acetylglutamate synthetase, urinary excretion of urea, and plasma concentrations of urea and arginine were examined. In Experiment 2, the effects of the addition of dietary amino acids to a low gluten diet on the hepatic synthesis of N -acetylglutamate and plasma concentration of urea were examined. In Experiment 3, the effects of the addition of dietary amino acids to a low gluten diet on the hepatic degradation of N -acetylglutamate in vivo were determined.
Analytical procedures . The plasma concentration and urinary excretion of urea were measured by the method of Archibald ( 20 ) . The N -acetylglutamate concentration was measured by the method of McGivan et al. ( 21 ) described in our previous report ( 22 ) . The activ- Table 1 . Composition (g/100 g of diet) of experimental diets. 1 Wako Pure Chemical Industries, Ltd., Osaka, Japan. 2 Supplied by Oriental Yeast Co., Ltd., Tokyo, Japan. 3 Supplied by Nihon Nosan K.K., Yokohama, Japan ( 34 ). Table 2 . Time-dependent changes of specific radioactivities of free glutamate in the liver of rats fed the low gluten diet supplemented with limiting amino acids. Radioactive U-14 C-glutamate was combined with unlabelled glutamic acid to yield a dose of 0.555 MBq and a concentration of 5 mol/mL of glutamic acid. The rats were each given an intraperitoneal injection at a dose of 1 mL/100 g of body weight. After 15 min, the rats were quickly decapitated in Experiment 2 (Nacetylglutamate synthesis).
In Experiment 3 (N-acetylglutamate degradation), these rats were decapitated 30, 60 or 120 min after injection. The measurement of N-acetylglutamate synthesis and degradation involved isolating N-acetylglutamate and then counting the radioactivity (LS 5000TD, Beckman Japan, Tokyo, Japan).
In a preliminary experiment, we determined the hepatic specific radioactivity of glutamate 5, 15, 30, 60 and 120 min after the injection of radioactive glutamate under these experimental conditions by the method of Morita et al. (24) and checked whether the change in radioactivity of N-acetylglutamate in the liver would be affected by a precursor pool of this compound. The specific radioactivity of glutamate in the liver was maximal 5-15 min after the injection, and decreased to very low values by 30, 60 and 120 min ( Table 2) . These values in the two groups were the same, indicating that the prolonged retention of radioactivity in N-acetylglutamate was not due to continued entry of the label into this compound but instead to an increase in the half-life of the compound in Experiment 3.
Statistical analysis. The means and SE values are reported. Student's t-test was used to compare means after one-way ANOVA (25) . A linear regression analysis was used to assess the liver degradation of N-acetylglutamate (25) . Differences were considered significant at pϽ0.05.
RESULTS
Liver concentrations of N-acetylglutamate and glutamate, urinary excretion of urea, plasma concentrations of urea and arginine, and the activity of hepatic N-acetylglutamate synthetase (Experiment 1)
The rats fed the 10% gluten diet gained less body weight than the rats fed the 10% glutenϩL-lysine, Lthreonine and L-methionine diet. Compared with the rats fed the 10% gluten diet alone, rats fed the 10% glutenϩL-lysine, L-threonine and L-methionine diet had food intake and liver weight which were significantly higher. Urinary excretion and the plasma concentration of urea, and the hepatic concentration of N-acetylglutamate decreased significantly with the 10% glutenϩL-lysine, L-threonine and L-methionine diet as compared with the 10% gluten diet alone. The addition of dietary L-lysine, L-threonine and L-methionine resulted in a hepatic activity of N-acetylglutamate synthetase that was significantly lower than for the 10% gluten diet. Liver concentration of glutamate and plasma concentration of arginine were not affected by the addition of amino acids to the 10% gluten diet (Table 3) .
Effect of addition to some essential amino acids on the liver synthesis of N-acetylglutamate (Experiment 2), and degradation of N-acetylglutamate (Experiment 3)
As in Experiments 2 and 3, the rats fed the 10% gluten diet alone grew less than the lysine, threonine and methionine-treated rats. The concentration of plasma urea decreased with the addition of L-lysine, L-threonine and L-methionine to the 10% gluten diet ( Table 4) . The hepatic synthesis of N-acetylglutamate decreased significantly with the 10% glutenϩL-lysine, L-threonine and L-methionine diet as compared with the 10% gluten diet (Table 4 ). The addition of dietary amino acids to the low gluten diet affected the hepatic degradation of N-acetylglutamate. The radioactivity in hepatic N-acetylglutamate in rats fed the 10% glutenϩlysine, threonine and methionine diet decreased faster with a half-life of 42 min than that in rats fed the 10% gluten diet (54 min) ( Table 5 ). The degradation rate constant of hepatic N-acetylglutamate was significantly higher in rats fed the 10% glutenϩL-lysine, L-threonine and Lmethionine (Table 5) .
DISCUSSION
In a previous study (8) , the activities of argininosuccinate synthetase and carbamylphosphate synthetase, urea cycle enzymes, were not affected by the dietary addition of L-lysine, L-threonine and L-methionine to a low gluten diet, while supplementation with these dietary limiting amino acids to the gluten diet decreased urea excretion and improved the nitrogen balance. Therefore, the purpose of the present experiments was to elucidate the mechanism by which the addition of dietary limiting amino acids to the low quality protein alters urea synthesis.
N-Acetylglutamate is a physiological activator of carbamylphosphate synthetase (13, 26) . Variation in the N-acetylglutamate concentration has correlated well with urea synthesis in intact animals (14, 17, 27, 28) and in isolated hepatocytes (12, 29) . Many investigators have indicated that a change in N-acetylglutamate synthesis was involved in regulating the liver concentration of N-acetylglutamate (17, 26) . N-Acetylglutamate synthetase (EC 2.3.1.1) has been shown to catalyze the acetylCoA-dependent acetylation of glutamate in liver mitochondria (16) . Previously, we (30) demonstrated that the positive correlation among urea excretion, the liver concentration of N-acetylglutamate and the liver activity of N-acetylglutamate synthetase were induced when the quality of dietary protein was changed. However, little documentation for the effects of supplementation of dietary limiting amino acids to the low quality protein on N-acetylglutamate concentration and N-acetylglutamate synthetase activity in the liver is available. Therefore, we hypothesized that the lower N-acetylglutamate synthetase in the liver in rats fed the gluten diet supplemented with limiting amino acids might result in a lower concentration of Nacetylglutamate and decreased urea synthesis compared with those fed the gluten diet alone in the present experiment. Urinary excretion of urea, the liver concentration of N-acetylglutamate, and the activity of Nacetylglutamate synthetase in the liver decreased with the addition of dietary L-lysine, L-threonine and Lmethionine (Table 3 ). The liver synthesis of N-acetylglutamate was significantly lower in the L-lysine, L-threonine and L-methionine treatment compared with those in the group given the 10% gluten diet alone ( Table 3 ). The lower activity of liver N-acetylglutamate synthetase in rats given the low quality protein diet Table 5 . Effect of the addition of dietary amino acids to a low gluten diet on the hepatic degradation rate constant and half-life of N-acetylglutamate in rats.
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supplemented with dietary limiting amino acids decreased the synthesis and concentration of N-acetylglutamate, and regulated urea synthesis in these groups. Therefore, the changes in N-acetylglutamate synthetase activity may have controlled N-acetylglutamate concentration and been one of the factors affecting urea synthesis in this study. The activities of various urea cycle enzymes were shown to depend on the quality of dietary protein (3) (4) (5) (6) 8) . However, the activity of N-acetylglutamate synthetase in the liver declined with the dietary addition of limiting amino acids in the present study. Recently, Endo et al. (31) reported that several genes were elevated in rats fed the wheat gluten diet compared with those fed the casein diet by using the GeneChip microarray system. Measurement of mRNA in the hepatic N-acetylglutamate synthetase should be included in further studies to elucidate the mechanism by which the dietary protein quality affects the activity of N-acetylglutamate synthetase.
Glutamate was the substrate of N-acetylglutamate synthesis in the liver. N-Acetylglutamate synthetase is activated by arginine (17, 32) . Therefore, we assumed the concentrations of liver glutamate and plasma arginine may have limited the N-acetylglutamate concentration. Under our experimental conditions, the changes in free glutamate and arginine are not considered to be the factor leading to the lower concentration of hepatic N-acetylglutamate ( Table 2 ). The concentration of glutamate and arginine may not have regulated urea synthesis in the present study.
N-Acetylglutamate is transported from mitochondria to cytosol in the liver, and then degraded. The activity of the catabolizing enzyme was detected only in the cytosol (21, 33) . In a previous study, the hepatic concentration and half-life of N-acetylglutamate increased markedly after the ingestion of low quality protein (30) , suggesting that the in vivo degradation contributed to the concentration of N-acetylglutamate when the quality of dietary protein was changed. Therefore, we assume that addition of dietary limiting amino acids to the low quality protein diet also regulated N-acetylglutamate degradation. In the present study, compared with group fed the 10% gluten diet, not only lower synthesis but also greater degradation of N-acetylglutamate was observed in the group fed the 10% glutenϩL-lysine, L-threonine and L-methionine (Tables  4 and 5 ). The regulation of urea synthesis may be partly mediated by an alteration of N-acetylglutamate degradation when the dietary limiting amino acids are added to the low quality protein. The mechanism by which the composition of dietary amino acids affects the hepatic degradation process of N-acetylglutamate remains to be determined. Since the hepatic cytosol fraction has a high level of N-acetylglutamate catabolizing activity (21, 33) , an indication of limiting N-acetylglutamate degradation by its transport out of the mitochondria has been reported by many investigations (9, 18, 19) . The rate of N-acetylglutamate efflux through the mitochondrial membrane and its degradation have been found to be lower in rats fed a high protein diet than in those fed a protein-free diet (24) . This is another possibility to consider in further examinations of the mechanism by which the addition of dietary limiting amino acids to a low quality protein diet alters urea synthesis.
Mitochondrial carbamylphosphate synthetase in the liver has an absolute requirement for N-acetylglutamate as an activator. Shigesada et al. (17) reported that the increase of N-acetylglutamate concentration under physiological conditions stimulated urea synthesis in isolated hepatocytes. The Ka value (0.11 mM) of the carbamylphosphate synthetase for the N-acetylglutamate was reported to be close to its physiological concentrations in mitochondria (14) . From the observed hepatic concentration of N-acetylglutamate (Table 2) , its average concentration in the hepatic mitochondria of rats fed the gluten diet is calculated to be about 0.1 mM based on the estimate of the mitochondrial space in the cellular volume (14) . This magnitude of concentration appears to be adequate for the function of N-acetylglutamate. These results strongly indicate the control mechanism for the urea synthesis is mediated by the hepatic concentration of N-acetylglutamate when the quality of dietary protein is changed.
In the previous reports, we (8) also demonstrated that the fractional and absolute rates of protein synthesis increased with the addition of dietary L-lysine, Lthreonine and L-methionine to the low gluten diet, and that the higher protein synthesis in tissues of rats given the low gluten diet supplemented with dietary limiting amino acids was likely to be one of factors behind the decrease in amino acid availability and urea synthesis. Therefore, not only substrate availability but also Nacetylglutamate may limit the rate of urea synthesis when the limiting amino acids are added to a low quality protein diet.
These results suggest that the lower synthesis and greater degradation of N-acetylglutamate in the liver of rats given of dietary limiting amino acids in addition to low quality protein are likely to be among the factors leading to a decrease in the concentration of N-acetylglutamate and a decline in urea synthesis. The activity of N-acetylglutamate synthetase in the liver is at least partly related to hepatic N-acetylglutamate synthesis.
